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ABSTRACT: Isoconversional analysis was used to treat
nonisothermal DSC data and yield the dependence of acti-
vation energy on conversion during the curing process of PF
resins. The shape of the dependence revealed that the curing
process of PF resins displayed a change in the reaction
mechanism from a kinetic to a diffusion regime. In the
kinetic regime a comparative DSC experimental analysis
between monomer mixtures and PF resins showed that the
addition reactions between phenol and formaldehyde had
been mostly completed during the synthesis of PF resins and
that the main kinetic reactions contained parallel condensa-
tions in the curing process. For the diffusion regime a mod-
ified equation for the diffusion rate constant, k, = D,
exp(—E,/RT + K,a + K,a?), is proposed. This equation is in

good agreement with the experimental dependence of E, on
a in the diffusion regime, which shows the effect of both
temperature and conversion on diffusion. A prediction of
the conversion advancement with the reaction time under
isothermal condition for PF resin has been made. This pre-
diction can be useful in practical applications for evaluating
isothermal behavior of thermosetting systems from noniso-
thermal experimental data. © 2002 Wiley Periodicals, Inc. ] Appl
Polym Sci 87: 433-440, 2003
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INTRODUCTION

Phenol formaldehyde (PF) resol resins are the poly-
condensation materials of reaction of phenol with
formaldehyde, which have been used extensively be-
cause of their high temperature resistance, high char
yield, and moderate flame resistance in many areas,
especially in coating applications, adhesives, carbon-
less copy paper, molding compounds, abrasives, lam-
inates, air and oil filters, and in other composites.'* PF
resin is one of the few polymers whose production
and development work has been steadily increasing
because of active research over the past decades. One
of the most important research fields is probably the
investigation of curing behavior (mechanism and ki-
netics) because PF, as one of the thermosetting resins,
has a very complicated curing process, which includes
many individual reactions that occur simultaneously.>”
The current investigation sought to understand the
reaction characteristics of PF resins that could be suc-
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cessfully applied to selecting the appropriate condi-
tions of the curing process, such as the curing temper-
ature and time.

Differential scanning calorimetry (DSC), a thermal
analysis technique widely used to measure the tem-
peratures and heat flows associated with material re-
action, is a powerful tool for characterizing the curing
process of thermosetting systems.*® Kinetic analysis
of DSC data helps to evaluate the curing characteris-
tics and take into account the steps of the curing
process, which has been established by other methods,
such as FTIR and NMR. A useful technique for DSC
analysis is model-free kinetics, described by Vya-
zovkin,'°'2 which is based on the realization that the
function of degree of conversion, f(«), and the activa-
tion energy, E,, depend on the degree of reaction
conversion, «, but that they are always the same at a
particular degree of conversion, independent of the
heating rate used. The basis used for this technique is
the activation energy curve as a function of the degree
of conversion, which is evaluated using the isoconver-
sional method from three or more dynamic measure-
ments at different heating rates.'*!” This new formu-
lation requires no knowledge of the reaction model.
For the cure of thermosetting systems, the general
method taken is to treat kinetic analysis as phenome-
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nological in nature, which ignores the complexity of
cure in kinetic calculations. The basic reaction rate
equation is described as

da/dt = kf(a) (1)

where « is the degree of conversion, k is the rate
constant, f(a) is the function of the degree of conver-
sion, and t is the reaction time. In general, k is depen-
dent on temperature through an Arrhenius-type equa-
tion. Reaction rate eq. (1) can thus be written as:

do/dt = f(a)A exp(—E/RT) 2)

where E is the activation energy, A is the preexponen-
tial factor. It is assumed that function f(a) and param-
eters A and E in the above equation are constant at a
particular degree of conversion. Therefore, we can
obtain a differential equation from eq. (2):

d In(da/dt),/dT™ = —E,/R (3)

where E is the activation energy at a given degree of
conversion. Compared with the ASTM E698 method,'®
which follows only one point of conversion and ap-
plies the derived activation energy at the DSC transi-
tion maximum to the overall reaction process, the
model-free method follows every point of conversion,
obtaining the activation energy at each point. There-
fore, it can reveal the dependence of E, on « and the
complexity of the curing process.

This study’s purpose was to apply the isoconver-
sional analysis to the multiple heating rate DSC data
during the curing process of phenol formaldehyde
resol resins, deriving the variation of the activation
energy as a function of the degree of conversion. The
curing mechanism and kinetics will be taken into ac-
count according to the basic relationship between the
activation energy and the degree of conversion. A
prediction of the curing process will be made at dif-
ferent conditions (nonisothermal and isothermal
cure).

EXPERIMENTAL

Two liquid PF resins for DSC analysis were synthesized
in our laboratory according to a modified method."
Liquid phenol (90%) and paraformaldehyde were
used as ingredients. Resin A is a low-viscosity phenol
formaldehyde resin with formaldehyde/phenol and
N,OH/phenol molar ratios of 2.2 and 0.29, respec-
tively. Resin B is a highly condensed and partly
crosslinked phenol formaldehyde resin with formal-
dehyde/phenol and N,OH/phenol molar ratios of 2.5
and 0.38, respectively. For the synthesis of resin A, the
reactor vessel was charged with phenol, paraformal-
dehyde, and water. Then the first sodium hydroxide
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was slowly added over a 10-min period, and the tem-
perature was allowed to rise to more than 100°C for
2-3 min, then cooled to 65°C and held at 65°C to a
Gardner-Holdt viscosity (25°C) of AB (50-65 cps).
After that the resin was cooled to 30°C, the second
sodium hydroxide and ammonium hydroxide was
added into the resin. For the synthesis of resin B, there
are two different points during the synthetic process.
First, the reaction was held at a temperature of 95°C to
a Gardner—Holdt viscosity of AB, then held at 80°C to
viscosity of KL (275-300 cps). The solid content of the
resins was determined by a pan solid technique.”® The
solid contents of resins A and B were about 51% and
41%, respectively.

A Mettler DSC 20 with a Mettler TA400 thermal
analysis system with STAR® software was used in all
experiments. Because the adhesives are water based,
high-pressure steel crucibles (ME-51140404) that can
withstand vapor pressure up to 10 MPa were used.
Dynamic scans were made with heating rates of 2°C,
5°C, 10°C, and 20°C/min, respectively, and the scan-
ning temperature ranged from 30°C to 250°C. An iso-
thermal scanning was also done at 120aC and at var-
ious times.

The activation energy, E,, and preexponential factor
A can be evaluated by the following expression.'?

In®/T?= —E,/RT, + In RA/E,, (4)

where @ is the heating rate and T; is the temperature
to reach a given degree of conversion. A plot of In
b/ Tz-2 versus 1/T; is a straight line from which the
activation energy, E,, and preexponential factor A can
be obtained from the slope and the intercept, respec-
tively.

RESULTS AND DISCUSSION

Dependence of activation energy on degree
of conversion

The dependence of activation energy on the degree of
conversion for phenolic resin cure calculated by iso-
conversional method is depicted in Figure 1. The
curves indicate that the curing process is accom-
plished in two stages. The curves'® that first increased
indicate a kinetic process involving parallel reactions
or reactions occurring simultaneously. Then they de-
creased with a convex shape, and this suggests a
change in mechanism from kinetic to diffusion stage.
In fact, during the cure of thermosetting resins, the
reaction systems undergo gelation (from liquid to rub-
ber), vitrification (from rubber to glass) transitions,
and crosslinking to reduce molecular mobility and
result in a change from a kinetic to a diffusion regime.
The plot in Figure 1 shows that the change occurs at a
lower degree of conversion for the highly condensed
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Figure 1 The dependence of activation energy on the de-
gree of conversion for PF resins.

phenolic resin (« = 20%) than for the low-viscosity
one (@ = 40%). This is reasonable because the former
has reached a higher degree of conversion and viscos-
ity during synthesis of the resin; then the higher vis-
cosity of the reaction system can lead to diffusion
regime earlier during the subsequent curing process.

Kinetics and mechanism in the kinetic regime

It is known®>?*! that the main reactions between phe-

nol and formaldehyde in the alkaline pH range are
based on two types of reactions: addition of hydroxy-
Imethyl groups to the ortho- and para-free positions of
phenol, as shown in Scheme 1. Condensation reactions
between one hydroxylmethyl group and one free po-
sition in phenol give rise to a methylene bridge or two
hydroxylmethyl groups form a methylene ether bond
or a methylene bridge (Scheme 2). However, the con-
densation of two hydroxylmethyl groups to form a
methylene ether bond is a reaction possible in an acid
condition but rare in the presence of alkaline cata-
lysts.?>*

DSC analysis indicated that the curing process of
phenolic resin was mainly made up of condensation
reactions, and the addition reactions were mostly
completed during the synthesis of the phenolic resin.
The moderately increasing curve in Figure 2 indicates
a kinetic process involving parallel reactions, which
may be expressed as addition and condensation reac-
tions mentioned above. However, the addition section
is very little, and the main reactions are condensations.

oH o o "
d F
@ + HCHO ——= @CHQOH;» @—(CHzOH)z—— @Sf(clizomz

Scheme 1 Additional reactions of phenol formaldehyde
resin.
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Scheme 2 Condensation reactions of phenol formaldehyde
resin.

Such a result, the same as from IR analysis,23 was

experimentally confirmed by the following compara-
tive DSC study on reaction behavior of the PF resin
and the monomer mixtures of phenol, formaldehyde,
and sodium hydroxide. The monomer mixtures were
subjected to DSC scans to obtain the dependence of
activation energy on conversion (Fig. 3).

Figure 3 indicates that the reaction process of the
mixtures, which started with small molecules, con-
tains three main steps. The activation energy that de-
creased as a concave shape before 30% degree of con-
version is characteristic of an intermediate reversible
process,' which contains addition reactions between
phenol and formaldehyde, expressed in Scheme 3.
The addition kinetics of the base-catalyzed phenol-
formaldehyde reaction was observed as a second-or-
der reaction with the exception of the ammonia-cata-
lyzed reaction, which surprisingly corresponds to a
first-order reaction.”

The second step of the reaction process of the mix-
tures is an increase in the degree of conversion from
30% to 70%, in which the curves increase and reach a
fairly constant value because of a kinetic process in-
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Figure 2 The dependence of activation energy on conver-
sion for low-viscosity PF resin.
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Figure 3 The dependence of activation energy on the de-
gree of conversion for the mixtures of monomers of phenol,
formaldehyde, and sodium hydroxide.

volving parallel reactions. This case is similar to the
result in the early stage of the curing process of PF
resins, but the increased value of activation energy
(more than 20 kJ /mol) was much more than that in PF
resin (about 4 kJ/mol). In such a case, for mixtures of
monomers, the reactions include two kinds of reac-
tions occurring simultaneously, which are addition
and condensation reactions. The addition fraction
starts to decrease and the condensation one simulta-
neously to increase with the increasing activation en-
ergy. Therefore, it is reasonable to consider that the
condensations are dominant near the end of this step.
However, the activation energy in kinetic regime for
PF resins increases a little, indicating that the addition
section has been almost completed. This is similar to
the latter section of the second step during the reaction
process of the mixtures. After a 70%—-80% degree of
conversion, the curves take on a downward convex
shape, which is a result of the process with a change
from kinetic to diffusion regime.

OH o 0 0
(¢] 0 o
- s CH; —O-
5 2 CH,OH
+ CH2—05‘ H 2
F
o
h—0"

CH20H

0

Q
| I +5_CH2—OS‘ _— IQ
) H H.

Scheme 3 An intermediate reversible process of additional
reactions for PF resin.
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Figure 4 The conversion advancement with temperature
for monomer mixtures (P/F/NaOH = 1:2.2:0.29).

Compared with the degree of conversion changes
with the reaction temperature for the monomer mix-
ture and the phenolic resin (shown in Figs. 4 and 5), it
is clear that a curvature change of the degree of con-
version curves for the monomer mixture can be ob-
served at 30%—-40% degree of conversion. This change
probably results from a change in the reaction mech-
anism (from additions to two parallel reactions). In a
comparison of the DSC scanning curves of the PF resin
and the mixture of monomers, the latter shows two
peaks with a dip between them (Figure 6). It is a
plausible assumption that there are two dominant re-
actions involved and that the curve is composed of
two individual ones with overlapping final and initial
parts during reactions of the mixtures of the mono-
mers.”* However, the first peak is absent in the DSC
curve of PF resin, and this suggests that only one main
kind of reaction occurs in the curing process of PF
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Figure 5 The conversion advancement with temperature
for low-viscosity PF resin.



CURING BEHAVIOR OF PF RESINS BY DSC

25
e Mixture ~
E 201 | — — PF Resin
£
~ 45 -
2
L
-
- 101
I
0
b o
5 -
0 Y . .
50 100 150 200 250
o
T(C)

Figure 6 DSC scanning curves of the mixture of monomers
and low-viscosity PF resin.

resins. The peak in the curve of PF resin is almost at
the same temperature range as the second peak in the
curve of the monomer mixture.

The comparative study above shows that the addi-
tion reactions are almost completed, and condensa-
tions are the main reactions during the curing process
of phenolic resins, even though addition reactions can
occur simultaneously to the formation of high-molec-
ular-weight species by condensation reactions® be-
cause of the possibility of formaldehyde being re-
leased from the curing systems. The change in activa-
tion energy for PF resin is very small, with a change in
4 kJ/mol (from 60.9 k] /mol to 64.6 kJ/mol) during the
kinetic process of condensation reactions. Such a small
change indicates that the individual condensation re-
actions are similar to each other in the reaction mech-
anism. So the kinetic process of condensation cure of
phenolic resin can be reasonably depicted as a one-
step reaction, which is a first-order reaction.*>*

Diffusion kinetics and mechanism

For the curing process of the thermosetting systems,
the change from kinetic to diffusion regime is signifi-
cant because of gelation, vitrification, and intermolec-
ular crosslinking. Considering the diffusion process,
the time scale for the overall reaction can be modeled
as the sum of the time for the diffusion of the reactants
plus the time for the chemical reaction®**:

1 B 1 1
ka(a/ T) N k(T) + kD(a’ T) (5)

where k, is the overall rate constant, k is the Arrhenius
rate constant for chemical reactions, and k, is the
diffusion rate constant (1/kp = 7, the average polymer
segmental relaxation time).
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The dependence of k, on temperature can be ex-
pressed by the Arrhenius form?®:

E
ko = Diexp - o] ©)

This equation is convenient for analyzing the effect of
temperature on both diffusion and viscosity. The ac-
tivation energy of the curing process concerned with
diffusion can be calculated by substituting eq. (6) into
eq. (5) and making a differentiation to obtain the fol-
lowing equation:

E,= —RdIn(k,)/dT " = (kEp + kpE)/(k + kp)  (7)

However, there are some explicit defects in this
method for calculating E,, in the diffusion regime be-
cause the effect of temperature on diffusion is not the
only factor. The constant k, is directly concerned with
the mobility of the molecules and their segments in the
reaction systems, which is affected by the change of
physical properties and viscosity related to the degree
of conversion. For thermosetting systems,** there is
an immense change in viscosity because of gelation,
vitrification, and intermolecular crosslinking during
the curing process. Concerning the molecular diffu-
sion in the curing process, a diffusion coefficient has
been obtained as”'

D = Doexp{B[1 — (f; + afT — T,)) ']} (8)

where f, is the fractional free volume at T, and «is the
thermal expansion coefficient of the free volume. This
equation requires the experimental determination of
the dependence of Tg on a, and then a relationship
between k, and D to calculate k.

Another semiempirical relationship based on free-
volume considerations has been applied to the diffu-
sion effect.*** It relates the diffusion-controlled rate
constant, k,,, to the chemical rate constant, k, as follow:

kp =k exp[—C(a — a,)] 9)

where C is a fitted parameter and «, is the critical
conversion. This semiempirical equation indicates that
the degree of conversion influences the diffusion re-
action in the curing system. It may be noted that the
critical conversion, «,, corresponds to an abrupt onset
of diffusion control, whereas the onset is gradual in
real reactions. Furthermore, the diffusion rate constant
resulting from the reduced mobility of reaction species
seems not to be closely related to the chemical rate
constant.

A simplified method is based on eq. (6), which is an
explicit function of k, as T modified in consideration
of both the effects of temperature and conversion on
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Figure 7 The dependence of activation energy on conver-
sion for low-viscosity PF resin (K = 0).

activation energy in the diffusion regime. An equa-
tion® has been used to describe the change in viscos-
ity with conversion and temperature:
w(T, ) = poexp(E,/RT + Ka) (10)
where p is the viscosity of the reaction systems, u, is
the preexponential factor, E, is the activation energy
of viscous flow, and K is a constant accounting for the
effect of conversion of reaction on the change in the
viscosity of reaction systems. Considering that 1/k,, =
7, which is the average polymer segmental relaxation
time, can be proportional to the viscosity, an analo-
gous equation to eq. (10) can be introduced'*:
kp(T, a) = Dyexp(—Ep/RT + Ke) (11)
This equation establishes explicit dependence of k,, on
temperature and conversion. Substituting eq. (11) into
eq. (5) with the following differentiation gives the
same expression for E, as eq. (7); however, k, is ex-
pressed by eq. (11).

To calculate the dependence of E, on «, the values
of E and Ep were taken from the experimental mea-
surement. Kinetic activation energy, E, and preexpo-
nential factor, A, have been taken to be 64.6 kJ/mol
and 4.6 X 107, respectively. E, at a — 1 gives a limited
estimate for E, of 38.8 kJ/mol. In general, E,, is con-
sidered not to be greater than 20 kJ/mol,*® a value
used as an approximation for E,. Figure 7 shows the
dependence of E, on a without considering the effect
of conversion on diffusion. Curves 1 and 2 start with
E, approaching the experimental data, but they dis-
play little change in the influence of diffusion on E, at
a higher conversion. Curve 3 starts with a much lower
E, than the experimental data and then displays too
early influence of diffusion on E,. Figure 8 shows the
dependence of E, on a with considering the effect of
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both temperature and conversion on diffusion. The
value of the constant K displays the effect of the de-
gree of conversion on diffusion. A regression analysis
is used to evaluate the value of K. Therefore, we utilize
a function of the degree of conversion, ft(c), to replace
Ka. Then the k, can be modified as

kp(T, o) = Dyexp(—Ep/RT + ft(a)) (12)
Then the function of ft(«) can be obtained from egs. (7)
and (12) as the following equation:

Ep k(E, — Ep)
ft(a) = rT T In DyE—E,.) (13)
The function of ft(«) is calculated at each degree of
conversion from eq. (13). A linear regression analysis
between ft(a) and « yields the function of ft(«), that is,
the relationship between ft(a) and «, which is ft(«)
= —10.08c. The fitted curve obtained at K = —10.08 is
in good agreement with the experimental data.
However, there is no linear variation of function
ft(e) with the degree of conversion from the experi-
mental data. This defect can be found in Figure 8. In
fact, there is a distribution in molecular size at a cer-
tain degree of conversion in the curing system. This
distribution leads to a different level of contribution to
the diffusion reaction. Considering this different level
of contribution at the same degree of conversion, a
new equation is proposed by modifying eq. (11) to a
quadratic form, which can express more exactly the
effect of conversion on diffusion:
kp(T, ) = Dyexp(—Ep/RT + Ky + Kyo?) (14)
A quadratic regression analysis [ft(a) = K;a + Ka?]
can be used to obtain the constants of K; and K,, which
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Figure 8 The dependence of activation energy on conver-
sion for low-viscosity PF resin (D, = 10°).
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Figure 9 The dependence of activation energy on conver-
sion for low-viscosity PF resin calculated by eq. (11) (D,
= 10° K, = —11.95, K, = 2.364).

are —11.95 and 2.364, respectively. Figure 9 shows the
dependence of E, on «, considering the quadratic
effect of conversion on diffusion. It appears that a
better fitted curve can be obtained to repeat the exper-
imental dependence of E,, on «.

The diffusion model above indicates that both tem-
perature and conversion affect the diffusion rate con-
stant. As mentioned above, the relaxation time for a
molecule in a viscous medium is directly proportional
to the viscosity. This suggests that diffusion is closely
related to viscosity. The temperature and conversion
dependence of diffusion mainly results from the effect
of temperature and conversion on the viscosity in the
system. On the other hand, the effect of conversion on
diffusion is a result of the change in molecular weight
and molecular structure with the conversion in the
system. In general, average molecular weight is a
unique function of conversion in a given reaction sys-
tem. Furthermore, the coefficient of diffusion is pre-
dominantly determined by the molecular weight at a
given temperature.’**” We modified the linear effect
of conversion on diffusion into the quadratic effect
because of the molecular weight distribution. Differ-
ent molecular sizes yield different effects on diffusion.
In fact, the effect of conversion on diffusion is compli-
cated. Other factors such as molecular structure (linear
chain, branched chain, and crosslinked chain), which
are also functions of conversion in a reaction system,
have effects on diffusion.

Prediction of conversion advancement under
different conditions

An important aim of this study was to predict the
curing behavior for thermosetting resins under differ-
ent conditions. It is simple to predict a nonisothermal
behavior at different heating rates with eq. (4). Substi-
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tuting Arrhenius parameters and an arbitrary heating
rate at a certain conversion, a corresponding temper-
ature can be obtained from eq. (4). A relationship
between conversion and temperature at an arbitrary
heating rate can be obtained by calculating corre-
sponding temperatures at different conversions.

It is relatively complicated to predict the isothermal
behavior from nonisothermal data. An integrated
equation is introduced from eq. (2) at an arbitrary
temperature, T,

g(a) = tA exp(—E/RT,,) (15)

where g(a) = [§ do/f(a)is the reaction model. For a
simple reaction including only one step in overall
process, such as first-order kinetic reaction, a expres-
sion of model g(«) can be obtained and substituted
into eq. (15) to produce a corresponding reaction time
at a certain conversion. However, it is not a good idea
for a complex reaction that includes several steps to be
solved in the same way. If the heating rate, dT/dt = @,
is substituted into eq. (2), then the differential function
of conversion on temperature can be obtained:

da B A E
Fia (Df(a)eXp(—m) (16)

Integrating the above equation to give:
A [T E
g(a) = > exp| ~ rT daT (17)
To
Compared with egs. (15) and (17), an equation for the

reaction time at a given conversion and an arbitrary
isothermal temperature can be obtained:

E, \T" [™ E
te = [CD exp(— RT::G,))] f exp(—é)dT (18)

To

Eq. (18) requires an assumption® that the reaction
model g(a) and Arrhenius parameters related to a
given conversion do not vary with the changing tem-
perature. Figure 10 shows the prediction of the depen-
dence of conversion on the reaction time for PF resin
at an isothermal temperature of 120°C by eq. (18). It
shows that the prediction with eq. (18) agrees well
with the experimental data. Possible errors may result
from the assumptions, which are different from the
actual situation. For example, there is a change in
activation energy from T, to T,, which leads to an
error in calculating the integration section in eq. (18).
Overall, the prediction with eq. (18) has given a good
result and can be useful in practical applications.
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Figure 10 The conversion advancement with reaction time
at isothermal temperature of 120°C for low-viscosity PF
resin.

CONCLUSION

The experimental dependence of activation energy
on the degree of conversion for PF resins from the
isoconversional analysis of nonisothermal DSC data
can be utilized to interpret the curing mechanism of
PF resins. The curing process of PF resins contains a
change in reaction mechanism from a kinetic to a
diffusion regime because of gelation, vitrification,
and crosslinking in the curing systems. In a kinetic
regime a comparative DSC experiment shows that
the main kinetic reactions contain parallel conden-
sations in the curing process of PF resin preceded by
the addition of formaldehyde with phenol at a low
degree of conversion. In a diffusion regime the over-
all process is affected by both kinetic and diffusion
reactions. Both temperature and physical properties
(related to conversion) of the curing systems simul-
taneously affect the diffusion of molecules and their
segments. A prediction of the conversion advance-
ment with reaction time for PF resin is in good
agreement with the experimental data and can be
useful in practical applications for evaluating the
isothermal curing behavior of thermosetting sys-
tems.

The authors thank NSERC, FCAR, and Laval University for
funding this research.
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